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Abstract 
Development of orbital shaking technology for enhanced mixing with lower mechanical demand has been receiving 
significant attention since the advent of advanced mixing schemes. Amongst shaken bioreactors,microtiter plates play 
significant role both for research and industrial purposes due to their capability of handling tiny amount of liquid in 
parallel experimentations. Detailed understanding of complicated Flow hydrodynamics thus seems to be considered a 
continual effort, as it is responsible for efficient gas-liquid mass transfer. Computational fluid dynamics (CFD) 
technique is shown to be a suitable numerical method in particular for discovering concealed flow facts, which can 
reliably predict the unsteady state flow within individual plate cells. In this study, CFD is employed to account for 
gas-liquid interface shape determination to reflect details of hydrodynamics for a novel geometrically modified 
microtiterplate, which would address diverse unknown flow characteristics vital for accurate mass transfer 
calculations.  
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1. Introduction 
Miniaturized bioreactors have long been investigated due to their simplicity and ease of handling in 
various industries i.e. pharmaceutical, stem cell expansion, mammalian cell cultures and downstream 
processing [1,2,3]. Parallelization has inflicted small-scale bioreactors to receive tremendous attraction 
and development in recent years [4]. In essence, shaken bioreactors have substantial potential to 
overcome pervasive challenges found especially in pharmaceutical industry such as time-to-market as 
well as overall development costs [5]. Majority of parallel-miniaturized bioreactors systems comprise of 
shaken bioreactors while some innovative design of miniaturized stirred systems e.g. Micro bubble 
column bioreactors and stirred vessels are categorized in the same group [3]. Parallel-miniaturized 
bioreactors not only keep the same attributes as introduced by mechanically stirred bioreactors, they also 
can diminish working volume down to a few tens of millilitres or less [4]. It is revealed that the number of 
parallel-miniaturized stirred bioreactors does not exceed 48, which is still not suitable for highly time 
consuming operational conditions [6]. Microtiter plates as alternative and advantageous group of shaken 
bioreactors have been widely used for high-throughput screening (HTS) due to ease of maintenance and 
availability of automated liquid handling robotic systems [4,6]. Identical hydrodynamics characterization 
of fluid in each well as well as large number of reliable parallel bioreactor experiments have made 
multiple well plate systems a right adoption for relevant purposes [4,6,7]. Several studies have focused on 
Microtiter plates involving mostly bacterial fermentation along with biotransformation [1,2,3,7,8]. 
However, engineering details of such shaken systems have not been thoroughly fulfilled which in turn 
results in poor understanding of systematic behaviour, although there have been considerable flourishing 
examples of scale-up of microwell systems. H. Zahng in 2005 has conducted CFD analysis of Shake 
Flasks in which concrete mathematical foundations of these systems i.e. fluid mechanical equations 
beside numerical techniques have been elucidated thatwere quite novel in progressive trend of shaken 
bioreactor development [4].In this study, computational fluid dynamics (CFD) method is applied to 
discover obscure fluid hydrodynamics phenomena of single cells geometrically similar to that of 24-well 
microplates. It is worth to mention that local data extracted from this work can provide crucial applicable 
information for further hydrodynamics investigations as well as evaluation of kLa as key parameter for 
scale-up approaches. 
2. Materials and Methods 
2.1. Geometry  
The aim of this work is to discuss hydrodynamics properties of two single wellswith novel 
dimensions. The first individual cell has a maximum diameter of 0.02 m and a height of 0.01 m. The 
second one is 0.02 m in diameter and 0.03 m in height.  
2.2. Pre-processing and solver simulation packages 
For geometry and mesh generation, Gambit software has been adopted. As meshing technique affects 
the solution precision dramatically, one may need to produce unstructured and immeasurably small cells 
in the studied grid. Approximately, 300000 cells are used to ensure of sufficient accuracy at a reasonable 
calculation time.  
Fluent 6.3.26 as commercial CFD software with full compatibility with Gambit 2.2.30 was used to 
fulfil further operation on the prepared exported mesh from Gambit software. This solver provides the 
discretization of equations together with boundary conditions numerically based on finite volume method. 
In this study, water is assumed to be the secondary phase while it almost constitutes half of the cylinder 
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volume in both studied geometries. For convective term in this study, Quick scheme for velocities has 
been adopted. It is also assumed that fluid temperature undergoes no significant changes, thus energy 
option has not to be activated throughout solution steps. Solution controls as well as meshing information 
are depicted in Tables 1, 2, 3.
Table 1. Meshing information for 0.01 m and 0.03 m height cylinders 
0.01 m height cylinder 0.03 m height cylinder
Number of cells 303390 903428 
Number of faces 923212 2735786 
Number of nodes 316618 929205 




Body forces 0.3 
Momentum 0.3 
Table 3. Discretization method 
Parameter Discretization method
Pressure Body force weighted 
Momentum Quick 
Volume fraction Geo-Reconstruct 
These two geometries have been tested in 100 rpm shaking frequency and 0.012 m shaking amplitude 
after passing one tenth and one fourth of their complete orbital cycle.  
2.3. CFD simulation  
Because of the imposition of orbital motion on the entire plate, all the cells rotate in accordance to the 
original plate movement as a motion reference. Therefore, Navier-Stokes equation has to be slightly 
changed to be capable of serving as governing equation [4,5,9]. These variations are as follows: 
An unsteady model of Navier-Stokes equation is required to allow for probable alterations 
accompanying volume and advection terms in the grid velocity.    
After adjustment following sets of equations can be applied to consider transient fluid motion: 
(1/¥g)×/t (¥gȡ) +grad.(ȡ(U-x/t))=0(1)
(1/¥g)×/t (¥gȡU) + grad.(ȡ(U-x/t)×U)=B+ grad.ı(2)
Where ¥gis the metric tensor determinate of the transformation, in other words, computational control 
volume size, ȡis the fluid density, Uis a three-dimensional fluid velocity vector, t is time, xis the moving 
grid position, ı is the tensor of stress, Bis the body force and grad is the abbreviation of gradient operator 
in vector calculus. 
The first term at right side of Eq.1 indicates the gain or loss of variable  due to control volume 
motion. 
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The presence of air/water phases in 24-well plate necessitates that two-phase flow simulation should 
be combined with transient Navier-Stokes equation. Continuum Surface Force (CSF) algorithm first 
developed by Brackbill et al. has been utilized to track the intermittent changes of gas/liquid interface 
during orbital shaking [10]. This urges for the addition of a new term, introduced as an extra body force, 
FS, to the set of momentum Eq.1 and Eq.2 in which it can be denoted as follows: 
FS = ı× ț(x) × r(x,t)(3)
Whereı is the surface tension coefficient, r is the volume fraction of the primary phase andț is the 
surface curvature defined by the following expression: 
ț = (1/ŇnŇ) × (((n/ŇnŇ).grad)×ŇnŇ-grad.n)(4) 
in which n is the vector normal to the surface: 
n=grad(r(x,t))(5)
In the current study, CSF model plays the mainstay role of turbulence models i.e. K-  in defining 
sharp hydrodynamic variations. 
Similar model recognized as VOF (Volume of Fluid) for capturing free surface flow in the vessel was 
adopted in Fluent.Inc software in which volume fraction of each phase in the entire control volume is 
evaluated [10]. 
2.4. Orbital motion implementation 
The generation of orbital motion in our simulation depends firstly on term B in the left hand side of 
Eq.2, which may be fractured into its components that are the acceleration of moving reference frame, the 
angular acceleration effect, Coriolis and Centripetal acceleration appearing in following equation 
respectively: 
B = g – dU/dt– (dȦ/dt) × Rp- 2Ȧ × vrel– Ȧ × (Ȧ × Rp)(6)
Vectors are demonstrated in bold letters. 
Orbital motion simulation requires the preceding equation while all the terms except acceleration of 
moving reference frame are considered zero. 
To accommodate orbital shaking to the set of differential equations, a UDF (user-defined function) 
was written in C++ programming package (Visual C++), which was required to build a corresponding 
library in Fluent software. 
3. Results and Discussion   
In shaken bioreactors or in other words non-sparged bioreactors, oxygen transfer occurs solely at the 
interface of gas and liquid i.e. Water/Air. Therefore, dynamic simulation of interfacial shape plays an 
integral role to investigate OTR (oxygen transfer rate) in shaken microtiter plates. Liquid phase fraction 
in two dimensions at a shaking frequency of 1000 rpm and orbital amplitude of 0.012 m in cylinder with 
0.02 m diameter and 0.01 m height is depicted in Fig.1. At starting point (t=0), the interface of Water/Air 
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represents an essentially flat profile, which is justifiable as the filling liquid is at mechanical and 
thermodynamics equilibrium. As the period of passing the whole circular path for shaking frequency of 
100 rpm is 0.06 s and due to the complexity involved in the numerical calculations, simulations where 
performed in one tenth and quarter of the complete cycle. Results for both geometries after passing one 
tenth of the path is first introduced and output profile after elapsing of t=0.0015 s follows the preceding 
results. 
3.1. Pre-processing and solver simulation packages 
3.1.1. CFD simulation of 1 cm height cylinder 
During orbital shaking, due to sudden movement of liquid subjected to centrifugal force, gas-liquid 
interfacial area increases substantially under vigorous condition. It is observed that liquid at the base of 
the cylinder rapidly expands toward the opposite sidewall after one tenth of the orbital cycle. CFD 
prediction also indicates that a finite layer with average properties of Air and Water is formed while 
shaking is imposed. The maximum height of the thin layer is virtually consistent with filling volume 
(50%). 
Fig. 1. Predication of gas-Liquid interface dynamics in 0.02 m diameter Cylinder at shaking frequency of 100 rpm and shaking 
diameter of 0.012 m. Scale bar depicts liquid phase volume fraction 
3.1.2. CFD simulation of 3 cm height cylinder 
In contrast to the liquid phase profile presented in the preceding section, the zenith of liquid phase lies 
virtually in the middle of xz plane while in the case of where0.01 m height cylinder is considered, 
maximum liquid height occurs close to the side wall in the right hand side of the xz plane. This 
phenomenon is justifiable at 100 rpm shaking frequency if we contemplate of a prominent ratio of D/L 
(Diameter to length). A conclusion can be drawn asif D/L drops, more vigorous liquid phase phenomena 
can be achieved which may act as a drawback in higher shaking frequencies due to unfavourable 
phenomenon called liquid splashing. Furthermore, in the case of liquid splashing, material loss in the 
system occurs which should be avoided to ensure an efficient mixing while keeping the size of the system 
intact. 
In this case, thin layer in gas-liquid interface can be observed due to large difference in density 
between liquid and gas, which is a direct result of applying Eulerain methods. Fig.2 obviously represents 
the essential CFD predictions after passing one tenth of orbital cycle. 
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Fig. 2. CFD prediction of gas-liquid motion in a 0.03 m height cylinder at orbital shaking of 100 rpm and amplitude of 0.012 m. 
Scale bar represents liquid phase volume fraction 
3.2. Simulation and flow pattern after passing a quarter of orbital cycle 
In this case liquid is dominantly distributed to the left hand side due to the influence of 
centrifugal force. Fig. 3 represents that small fractions of liquid in motion are behaving as a 
separate region in which this phenomenon is often cited as splashing. However, its intensity 
may not be too strong to adversely affect the material enclosed in the single cell. In Fig.4 liquid 
is more severely affected by orbital shaking which demonstrates more splashing than those 
found in the second case in which less harmful effects can be inferred (Figure is not shown). 
Fig. 3. CFD prediction of free surface flow of 0.01m height cylinder at shaking frequency of 100 rpm and shaking amplitude of 
0.012 m 
4. Conclusion   
Automated microtiter plates offer widespread applications from its introduction in 1943 ranging from 
Drug Discovery to Scale-up purposes. Their special application focuses on high throughput bioprocess 
development in which engineering considerations have been emerged by persistent pressure of 
pharmaceutical industry. The major challenging issue, which microwells are now facing, is how to 
enhance its scale to be translated from small-scale process (micro-scale processes) to laboratory or pilot-
scale. Consequently, it seems that pharmaceutical progress escalates if engineering characterization of 
bioprocess at mentioned scale can take a enormous step toward optimization of hydrodynamics 
parameters into efficaciously improve the geometrical design of microtiter plates. A CFD approach in this 
study has been taken into account to specifically discover key engineering facts to thoroughly 
characterize two single wells with different length scales under same shaking frequencies and diameter 
i.e. gas-liquid interface and flow patterns. The outcome gives innovative insight into local properties of 
miniaturized bioreactors designs, which aims to eventually achieve vital overall properties. Investigating 
crucial design parameters i.e. velocity profile, diameter to length ratio, it is clear that for both geometries 
at shaking frequency of 100 rpm and shaking diameter of 0.012 m, no detrimental hydrodynamic impact 
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can be observed. This fact indicates that applying current condition to miniaturized bioreactors not only 
provides safe environment for delicate cell culture operations, but also maintains adequate mixing 
patterns for efficient oxygen transfer throughout the single cells. Furthermore, splashing can hardly be a 
drawback in both geometries at mentioned frequency as it may not generated unfavourable harsh waves, 
which may lead to material loss within the vessels.  
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